Purpose The association between physical activity and colorectal adenoma is equivocal. This study was designed to assess the relationship between physical activity and colorectal adenoma recurrence. Methods Pooled analyses from two randomized, controlled trials included 1,730 participants who completed the Arizona Activity Frequency Questionnaire at baseline, had a colorectal adenoma removed within 6 months of study registration, and had a follow-up colonoscopy during the trial. Logistic regression modeling was employed to estimate the effect of sedentary behavior, light-intensity physical activity, and moderate-vigorous physical activity on colorectal adenoma recurrence.
Introduction
The burden of colorectal cancer (CRC) in the USA includes more than 141,000 new cases of CRC each year and an estimated 50,000 deaths [1] . Sporadic cancers account for approximately 70-75 % of the CRC disease burden [2] with an estimated 96 % of sporadic CRCs classified as carcinomas [1] , arising from the adenomatous polyp [3] . Several modifiable lifestyle factors are associated with CRC, including physical activity [4] ; yet, physical activity levels are declining in the USA [5] .
There is extensive evidence supporting an association between higher overall physical activity levels and reduced risk of CRC [4, 6, 7] . A recent meta-analysis investigated the association of sedentary behavior with colon and rectal cancer and found a statistically significant association between colon cancer and prolonged periods of sitting, but the same association was not found for rectal cancer [8] . Few studies have focused on the complex and emerging health consequences associated with sedentary behavior and its impact on early stages of the colorectal adenoma-tocarcinoma sequence. Common sedentary behaviors include watching television, computer and computer game use, workplace sitting, resting, reading, and lying down, all of which are activities that have increased over the past several decades [5, 9] . Recently, sedentary behavior was formally defined by the Sedentary Behavior Research Network as any waking behavior characterized by an energy expenditure B1.5 METs while in a sitting or reclining posture [10] . Sedentary behavior has been identified as a potential health risk in large part due to its association with central adiposity [9] , weight gain, allcause and cardiovascular mortality [5] , as well as type 2 diabetes and some cancers [8] .
While non-exercisers have traditionally been characterized as sedentary, a distinct difference between physical inactivity and sedentary behavior is emerging [9, 11, 12] . Current recommendations for physical activity advocate moderate-intensity physical activity for 30 min per day on most days of the week [7, 13] . Even among those who fulfill these daily recommendations, lengthy periods of habitual sedentary behavior have been associated with early morbidity and mortality [14] . Referred to as the ''active couch potato'' paradigm [11] , this model is currently under investigation in relation to several health risks associated with metabolic disturbances [11] . Studies have investigated the differences between sedentary and moderate-vigorous physical activity, indicating that sedentary behavior results in worse outcomes related to metabolic dysregulation including insulin resistance and unfavorable adipokines linked to obesity [11, 15] . Another study objectively measured light-intensity physical activity among older adults who tend to spend the majority of their day engaged in light-intensity (e.g., easy walking activities) concluded that light-intensity activities are positively associated with physical health and overall well-being [16] . However, a range of activity levels from sedentary behavior to moderate-vigorous physical activity has not been explored among individuals at risk for colorectal adenoma recurrence. Two recent studies have focused on the impact of sedentary behavior on sub-site-specific CRC risk [17, 18] . In one investigation, Howard et al. [18] reported a 61 % increase in colon cancer among men reporting higher daily sedentary behavior compared to those in the lowest category. Results of another study reported that individuals who spent C10 years in an occupation that required sedentary behaviors had a twofold risk of distal colon cancer compared to those participants who were employed in non-sedentary jobs [17] . While these studies support a role for sedentary behavior in the development of CRC, the degree to which sedentary behavior, light-intensity physical activity, and moderatevigorous intensity physical activity may influence the risk of colorectal adenoma remains unknown. Therefore, the objective of this study was to investigate the association between sedentary behavior, light-intensity physical activity, and moderate-vigorous activity levels and colorectal adenoma recurrence in a pooled analysis of data from two randomized, controlled trials.
Materials and methods

Study participants
We conducted a pooled analysis among participants from the randomized, double blind, placebo-controlled, wheat bran fiber (WBF) and ursodeoxycholic acid (UDCA) Phase III clinical trials conducted at the University of Arizona Cancer Center. Study participants were recruited between 1990 and 1999. A total of 2,502 participants completed the WBF or UDCA trials, including 1,730 participants for whom data were available from the baseline Arizona Activity Frequency Questionnaire (AAFQ).
Data for both trials were collected in a network of gastroenterology practices in the Phoenix and Tucson metropolitan areas. Both trials have been described in detail previously [19, 20] ; briefly, eligible participants were males and females ranging in age from 40 to 80 years who had one or more colorectal adenoma(s) removed (diameter C3 mm) during a colonoscopic evaluation within a 6-month period prior to study registration. In the WBF trial, participants were randomized to a daily WBF supplement (13.5 g/day) or a low-fiber supplement (2.0 g/ day). In the UDCA trial, participants were randomized to UDCA (administered at 8-10 mg/kg of body weight) or placebo. Both interventions were hypothesized to prevent colorectal adenoma recurrence, defined as the detection of one or more colorectal adenomas or adenocarcinomas at follow-up colonoscopy at least 6 months after randomization. The mean follow-up time from randomization to colonoscopy for the WBF and UDCA trials was 3.1 and 3.2 years, respectively. The primary findings of these studies were that neither the WBF supplement nor the UDCA treatment prevented colorectal adenoma recurrence. However, UDCA was associated with a decreased odds of high-grade dysplasia [OR (95 % CI), 0.61 (0.39-0.96)] [19] and was later reported to decrease the odds of advanced lesions among men [OR (95 % CI), 0.62 (0.43-0.89)] [21] . The University of Arizona Human Subjects Committee approved both studies, and written informed consent was obtained from each participant prior to study enrollment.
Assessment of physical activity
At the baseline visit, participants were asked to complete the AAFQ. The AAFQ is a validated [22] [10, 23] . Sedentary behavior included sitting activities such as eating, watching television, and reclining during waking hours. Lightintensity physical activity included grocery shopping, washing dishes, and doing the laundry; and moderate-vigorous physical activity included yard work, swimming, and jogging.
Each participant's reported time spent in distinct activity types, not including sleep or work, was adjusted proportionally so that the duration of all reported activities plus time spent working and sleeping totaled 24 h, in order to reduce measurement error [24] .
Statistical analysis
Baseline participant characteristics, including age, body mass index (BMI), waist circumference, race/ethnicity, family history of CRC in a first-degree relative, smoking status, previous colorectal polyp(s), aspirin use, and nutrient intake, were described for the pooled sample. Means, medians, and standard deviations were calculated for continuous variables, and frequencies and percentages were calculated for categorical variables. Participants were categorized according to sex-specific quartiles of sedentary behavior, light-intensity physical activity, and moderatevigorous physical activity. The distribution of baseline characteristics was compared across the quartiles of sedentary time for the total sample. For sedentary behavior, light-intensity physical activity, and moderate-vigorous physical activity, logistic regression was used to compare the odds of adenoma recurrence for participants in second, third, and fourth quartiles to the odds of recurrence in the lowest sex-specific quartile of each category. p for trend was generated by including a continuous score based on the categorical quartile assignment in a logistic regression model. WBF wheat bran fiber, UDCA ursodeoxycholic acid, CRC colorectal cancer, BMI body mass index a Continuous variables are summarized with mean and standard deviation, unless otherwise noted. Categorical variables are summarized with counts and percent of non-missing total. Numbers may not add up to the total due to missing data. Data are missing for race/ ethnicity (n = 17), family history of colorectal cancer (n = 56), previous polyps (n = 51), large adenoma at baseline (n = 1), villous architecture (n = 2), proximal location (n = 43), body mass index (n = 15), and waist circumference (n = All models were adjusted for trial arm. Confounding was assessed by considering whether adjusting for a potential confounder resulted in a [10 % change in the odds ratio [25] . Potential confounders included age, smoking, previous polyps, aspirin use, family history, dietary intake, various adenoma characteristics, sedentary behavior, and physical activity. Only age was found to be a confounder. Waist circumference and BMI were correlated (r = 0.80), and although neither materially altered the model, waist circumference was selected for inclusion in the final model because it captures visceral adiposity, an important risk factor for colorectal neoplasia [26] .
To assess whether the association between each activity type and adenoma recurrence was modified by sex, sexspecific odds ratios were estimated. Tests for interaction between sex and quartile of behavior or activity were conducted by comparing a full model including interaction terms to a reduced model including only main effects, using the likelihood ratio test. Study heterogeneity was evaluated by generating trial arm-specific estimates and CRC colorectal cancer, BMI body mass index a Continuous variables are summarized with mean and standard deviation, unless otherwise noted. Categorical variables are summarized with counts and percent of non-missing total. Numbers may not add up to the total due to missing data. Data are missing for race/ethnicity (n = 17), family history of colorectal cancer (n = 56), previous polyps (n = 51), large adenoma at baseline (n = 1), villous architecture (n = 2), proximal location (n = 43), body mass index (n = 15), and waist circumference (n = calculating the Q (chi-squared) statistic and the I 2 index [27] . All analyses were conducted using Stata, version 11.0, software (StataCorp LP, College Station, Texas).
Results
The majority of participants in the pooled population (n = 1,730) were male (68.0 %), white (94.8 %), and overweight (mean BMI; 28.0 ± 4.8 kg/m 2 ). The mean age was 65.9 ± 8.6 years. Approximately 29.9 % of the pooled population reported regular aspirin use, 12.7 % were current smokers, 42.8 % reported previous colorectal polyps, and 24.1 % had a family history of CRC (Table 1) .
Baseline participant characteristics were compared across the quartiles of sedentary behavior ( Table 2) . Mean age and percentage of participants reporting non-Hispanic white race/ethnicity, aspirin use, and previous colorectal polyps generally increased across the quartiles of sedentary behavior, as well as the percentage of participants who had a large or proximally located colorectal adenoma at baseline. Mean caloric intake and the percentage of participants reporting a family history of CRC generally decreased across the quartiles of sedentary behavior.
Adjusted odds ratios and 95 % confidence intervals for adenoma recurrence for the sex-specific quartiles of sedentary behavior, light-intensity physical activity, and moderate-vigorous physical activity among all study participants are shown in Table 3 . Participants in the second, third, and fourth quartiles of sedentary behavior had higher odds of colorectal adenoma recurrence compared to the first quartile; however, the differences were not statistically significant. No significant associations were found for light-intensity or moderate-vigorous physical activity. Sex-stratified analyses demonstrated statistically significant higher odds of adenoma recurrence among men in the fourth quartile of sedentary behavior, with an OR (95 % CI) of 1.47 (1.03, 2.11) compared with the lowest quartile (p trend = 0.03) ( Table 4 ). In contrast, no statistically significant association between sedentary behavior and adenoma recurrence was observed among women, though the p for interaction for sex was not statistically significant (p interaction = 0.22). For light-intensity physical activity and moderate-vigorous physical activity, no notable associations were found for either sex. No evidence of heterogeneity by trial arm was observed for the association between sedentary behavior and adenoma recurrence among men, based on the I 2 index or the Q statistic [22] (Fig. 1) .
Discussion
While our data do not support an association between lightintensity and moderate-vigorous physical activity and odds of colorectal adenoma recurrence in the pooled population, sex-stratified analyses revealed that increased sedentary behavior was significantly associated with odds of adenoma recurrence in men, but not women. Of twelve published case-control studies, eight reported a significant inverse association [28] [29] [30] [31] [32] [33] [34] [35] , one reported a modest association [36] , and three reported no association [37] [38] [39] . In addition, the duration and intensity of physical activity required to reduce risk of colorectal adenoma or CRC has not been well established [4, 40] ; some studies indicate more vigorous-intensity activity is required [18, 41] while others indicate that moderate-intensity activity is sufficient [18, 42] to reduce risk. The findings of the present analysis are generally concordant with four studies that investigated the effects of sedentary behavior and CRC risk [17, 18, 43, 44] . In a study by Howard et al. [18] , a higher risk of CRC in men who reported the highest levels of sedentary behavior was reported, but this elevation in risk was not statistically significant in women. In another study conducted among males only [44] The majority of studies investigating physical activity and risk of CRC and adenoma have compared individuals who are most active (engaged in activities that expend energy C3 METs) to least active (engaged in activities that expend energy \3 METs) [17, 45] . The least active group is often categorized as ''sedentary'' or ''inactive'' despite the fact that they can be participating in light-intensity activities (ranging from 1.9 to 2.9 METs); these individuals may otherwise not be classified as sedentary by other definitions [11, 17, 45, 46] . Sedentary behavior also may be defined simply as prolonged sitting time [45, 47] and is not necessarily analogous with an overall low physical activity level [17, 45, 47] . The physiologic effects of ''sedentary physiology'' versus ''exercise physiology'' have been elucidated in several studies with modulations in lipoprotein lipase activity cited as the central mechanism responsible for metabolic dysfunction [48] . Numerous metabolic events are dysregulated as a result of sedentary behavior [47] , many of which may be related to increased adiposity and central adiposity specifically [47, 49] . The cascade of biologically plausible metabolic events that stem from adiposity to contribute to cancer risk include hyperglycemia [45, 50] , hyperinsulinemia [47, 49] , chronic inflammation [51] , decreased bioavailability of vitamin D [52] , and elevated endogenous sex hormones [47] . Each of these complex biological pathways contributes to carcinogenesis [47] and some mediate the steps associated with the adenoma-to-carcinoma sequence [53] .
It remains unclear whether sedentary behavior and physical activity differentially impact the initiation and progression events along the pathway from adenoma to carcinoma. A large prospective cohort study (NIH-AARP Diet and Health Study) [18] , which includes participants with similar demographics to those in the current study, found a statistically significant association between increased risk for CRC and sedentary behavior in men who spent C9 h per day watching television compared to men who watched\3 h per day [RR (95 % CI), 1.61 (1.14-2.27); p for trend B0.001]. Congruent with evidence indicating a persistent deleterious effect of sedentary behavior independent of physical activity [11, 18] , the study also concluded that participating in physical activity at any intensity reduced risk for colon [RR (95 % CI), 0.79 (0.68-0.91); p for trend = 0.001] and rectal cancer [RR (95 % CI), 0.76 (0.7 = 0.61-0.94); p for trend = 0.074], independent of the finding that sedentary behavior was associated with higher risk [18] . Reasons for a differential effect of sedentary behavior in men compared to women are unclear. While our interaction analysis does not confirm that sex is a modifier in the association between sedentary behavior and adenoma recurrence, our findings of a significant increased trend of higher colorectal adenoma recurrence rates among men are congruent with the literature [54] . The differential associations may reflect the potentially protective effects of estrogen, especially among overweight or obese females, which may play a role in reducing odds of CRC and adenoma [55] . In the present study, the average BMI of females was 27.5 ± 5.8 kg/m 2 , which is considered overweight, suggesting higher estrogen concentrations. However, given the mean age (65.6 ± 8.8 years), most women would be postmenopausal with lower circulating estrogen. Importantly, we did not have detailed data for hormone replacement therapy, which might also explain some of the variance shown between genders. The increase in inflammatory mediators [56] and insulin resistance [57] stemming from a high prevalence of obesity [58] and central obesity (visceral adiposity) may partly contribute to the increased odds found among males [59] ; in addition, evidence suggests that adiposity may modify the association between sedentary behavior and cancer risk [47] . However, in the present study, inclusion of waist circumference or BMI in the models did not materially alter the association between sedentary behavior and adenoma recurrence, and obesity rates were similar for males and females. Nonetheless, we cannot exclude the possibility that the differential effect seen in men compared to women could be due to chance alone.
Existing evidence supports an association between higher overall physical activity levels and reduced risk of CRC and colorectal adenomas [4, 6, 7] . We did not find an association between light-intensity and moderate-vigorous physical activity and reduction in odds of colorectal adenoma recurrence. The difference in our results compared to prior studies is multifactorial. First, our outcome differs from prior studies; we measured colorectal adenoma recurrence and not risk of colorectal adenoma incidence or CRC. Our study was conducted over a relatively short period of time (3 years), which may not be sufficient time for physical activity to play a protective role in the adenoma-to-carcinoma sequence and thereby reducing risk for colorectal adenoma recurrence. Other studies that have investigated CRC and adenoma risk have taken into account a longer time period and also include large metaanalyses that provide a summary risk estimate over multiple studies.
Limitations of this study include self-reported activity data, and the potential for measurement error or misclassification bias. However, the three variables assessed in this paper (sedentary behavior, light-intensity activity, and moderate-vigorous activity) were categorized using METs and therefore provide a scientific basis for comparison. Because there is potential for measurement error and misclassification in studies of physical activity and sedentary behavior, exposure assessment and various levels of activity must be addressed before public health recommendations can be fully developed [43] ; this is recognized as an area that warrants further investigation [47] . In order to accurately capture sedentary behavior, objective measures of physical activity (e.g., accelerometers) should be used to examine this relationship and self-reported questionnaires should include categories that describe and define sedentary time in accordance with the Sedentary Behavior Network definition should be incorporated into data collection [47] . In summary, the results of this study suggest that sedentary behavior increases risk of adenoma recurrence among men. While our findings support other studies that have reported a higher risk of CRC with increasing sedentary behavior, this appears to be the first published study to date to specifically investigate the association between sedentary behavior and recurrence of colorectal adenomas, the well-established precursor to CRC [3] . This study provides evidence of the detrimental effects of a sedentary lifestyle early in the carcinogenesis pathway, potentially mediated by the inflammatory response [11, 53] .
This study was completed at the University of Arizona Mel and Enid Zuckerman College of Public Health and the Arizona Cancer Center, in Tucson, Arizona.
